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Facilitation in Aplysia
Ashok N. Hegde,* Kaoru Inokuchi,³ 1993; Oh et al., 1994). We show here that regulated
proteolysis by the ubiquitin±proteasome system has aWanzheng Pei,* Andrea Casadio,*
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somes, and we suggest that this association enhances²Howard Hughes Medical Institute
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ory storage.of Columbia University
Memory for many types of learning has two stages:New York State Psychiatric Institute
a short-term memory lasting minutes and a long-term722 West 168th Street
memory lasting days, weeks, or even longer. Short-termNew York, New York 10032
memory involves covalent modification of preexisting³Mitsubishi-Kasei
proteins that alters preexisting synapses (Kandel andInstitute of Life Sciences
Schwartz, 1982). In contrast, long-term memory requiresMinami-Ooya 11
alteration of gene expression, synthesis of new protein,194 Machida-shi, Tokyo
and the growth of new synapses (Kandel and Schwartz,Japan
1982; Goelet et al., 1986; Bailey and Kandel, 1993).§Dipartimento di Neuroscienze
Some of the molecular steps that underlie these twoUniversita' di Torino
stages of memory have been characterized in studiesCorso Raffaello 30
of short- and long-term sensitization of defensive re-10125 Torino
flexes in the marine mollusk Aplysia (Montarolo et al.,
Italy
1986; Barzilai et al., 1989; Carew, 1996). Sensitization
of these reflexes is a nonassociative form of learning,
the duration of which depends on the number of training
Summary trials (Frost et al., 1985). A single noxious stimulus pro-
duces a short-term memory lasting minutes, whereas
The switch from short-term to long-term facilitation five or more spaced stimuli produce long-term memory
of the synapses between sensory and motor neurons that lasts days to weeks. This training is reflected in
mediating gill and tail withdrawal reflexes in Aplysia the short- and long-term facilitation of sensory-to-motor
requires CREB-mediated transcription and new pro- neuron synapses that mediate these reflexes, which can
tein synthesis. We isolated several downstreamgenes, be examined not only in the intact animal but also in
one of which encodes a neuron-specific ubiquitin cell culture. Here, application of a single pulse of 5-HT,
a facilitating transmitter released by tail stimuli, causesC-terminal hydrolase. This rapidly induced gene en-
short-term facilitation lasting minutes that results fromcodes an enzyme that associates with the proteasome
increased release of transmitter at preexisting syn-and increases its proteolytic activity. This regulated
apses. This increase is produced by covalent modifica-proteolysis is essential for long-term facilitation. Inhib-
tion of preexisting proteins by phosphorylation (Sweattiting the expression or function of thehydrolase blocks
and Kandel, 1989). Five pulses of 5-HT, however, causeinduction of long-term but not short-term facilitation.
long-term facilitation that requires synthesis of new pro-We suggest that the enhanced proteasome activity
tein, as does long-term behavioral sensitization in theincreases degradation of substrates that normally in-
animal.hibit long-term facilitation. Thus, through induction of
In both short- and long-term facilitation, the cAMP-the hydrolase and the resulting up-regulation of the
dependent protein kinase (PKA) plays a key regulatoryubiquitin pathway, learning recruits a regulated form
role (Brunelli et al., 1976; Bernier et al., 1982; Kandelof proteolysis that removes inhibitory constraints on
and Schwartz, 1982; Schacher et al., 1988; Scholz andlong-term memory storage.
Byrne, 1988; Ghirardi et al., 1992; Byrne and Kandel,
1996). Short-term facilitation is the result of the cAMP-
Introduction dependent phosphorylation of K1 channels and other
proteins, which results in a brief increase in transmitter
The ubiquitin±proteasome system is the major nonlyso- release (Siegelbaum et al., 1982; Byrne and Kandel,
somal proteolytic pathway that functions constitutively 1996). In contrast, long-term facilitation is produced by
to degradeabnormal or damaged proteins. Recent stud- PKA-mediated gene expression through phosphoryla-
ies indicate that ubiquitin-mediated proteolysis can also tion of cAMP-responsive element-binding (CREB) pro-
be regulated and is of wide-spread importance (Wilkin- teins (Dash et al., 1990; Kaang et al., 1993, Bartsch et
son, 1995; Coux et al., 1996). Regulated proteolysis by al., 1995).
the ubiquitin pathway has been implicated in control of Recent studies suggest that the switch from short-
the cell cycle (King et al., 1996), transcription activation term to long-term facilitation is initiated in three steps.
(Verma et al., 1995), antigen presentation (Rock et al., First, the triggering step requires activation of CREB-1
1994), cell fate and growth (Huang et al., 1995; Zhu et by PKA-mediated phosphorylation and concomitant re-
lief of repression by CREB-2 (Bartsch et al., 1995). Inal., 1996), and synaptogenesis (Muralidhar and Thomas,
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the next step, CREB-1, perhaps with other transcription
factors, initiates a cascade of immediate response
genes. Finally, in the maintenance step, C/EBP (Alberini
et al., 1994), presumably with other factors, activates
transcription of other as-yet-unidentified effector genes,
which result in the growth of new synapses that repre-
sent the stable consolidation phase of long-term mem-
ory. This molecularcascade is also involved in the transi-
tion from short- to long-term memory in Drosophila and
in mice (Bourtchuladze et al., 1994; Tully et al., 1994).
A striking feature of the switch from short-term to
long-term facilitation in Aplysia neurons is that it requires
not only positive regulation but also concomitant and
rapid removal of several inhibitory constraints. These
include the following: (i) regulated proteolysis of regula-
tory (R) subunits of PKA, leading to persistent activation
of the kinase (Greenberg et al., 1987; Bergold et al.,
1990); (ii) relief of repression by CREB-2, resulting in
activation of CREB-1 (Bartsch et al., 1995); and (iii)
down-regulation of Ap-CAM by endocytotic degrada-
tion, which appears to remove inhibition of synaptic
growth (Bailey et al., 1992).
How are these inhibitory constraints rapidly removed?
One clue comes from the observation that the down-
regulation of the R subunit of PKA is mediated by pro-
teolysis through the ubiquitin±proteasome pathway
(Hegde et al., 1993). Because protein synthesis is re-
quired for the down-regulation of R subunits (Bergold
et al., 1990), we postulated that the rate-limiting compo-
nents of the ubiquitin±proteasome pathway might be
among the new proteins synthesized (Hegde et al.,
1993). Here we show that one of the immediate-early
genes induced during long-term facilitation encodes a
functional ubiquitin C-terminal hydrolase that associ-
ates with the proteasomeand enhances the degradation
of ubiquitinated substrate proteins. Blocking the func-
tion or expression of the hydrolase blocks induction of
long-term facilitation without affecting short-term facili-
tation.
Results
5-HT and cAMP Induce a Neuron-Specific
Ubiquitin C-Terminal Hydrolase as an
Immediate-Early Gene
We used differential hybridization to screen for genes
induced during long-term facilitation by 5-HT. From ap-
proximately 150,000 recombinant phage plaques, we
selected 320 candidate clones and analyzed them by
slot blots or Northern blots with Aplysia nervous tissue
RNA. We detected 15 genes whose transcription is
changed when the nervous tissue isexposed to pharma-
cological agents that produce long-term facilitation. We
report here the cloning and sequencing of a cDNA for
one of these genes, Aplysia ubiquitin carboxyl-terminal
hydrolase (Ap-uch) (Figures 1A and 1B). The predicted
Figure 1. The Sequence of Ap-uch amino acid sequence is similar to human uchs of the
(A) The sequence of the sense strand of cDNA (0.9 kb) containing low molecular weight (L) class (Wilkinson, 1995) (Figure
the open reading frame and the predicted amino acid sequence.
The initiation codon (ATG) is bolded. We also sequenced a 3.5 kb
region containing the polyadenylation site (data not shown).
(B) Comparison of the inferred amino acid sequences of Ap-uch acid residues critical to the function of the enzyme are bolded.
with human L1 and L3 uchs. Only differences in amino acids are Sequences of the two peptides used to raise antibodies are indi-
shown. A gap in a sequence is indicated by a broken line. Amino cated by solid lines.
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Figure 3. Northern Blots Showing Induction of Ap-uch mRNA
(A) Time course of induction. Aplysia were treated in vivo with 5-HT
for 1±5 hr, and total nervous tissue RNA was probed with 32P-labeled
Ap-uch cDNA. To monitor the amounts of total RNA loaded, the
blots were also probed with [32P]S4 DNA, the Aplysia homolog of the
S4 ribosomal gene. S4 is not induced in response to 5-HT (Alberini et
al., 1994).
(B) Expression of Ap-uch mRNA was studied as described in (A) 3
hr after the initiation of 5-HT treatment. The amount of Ap-uch mRNA
was quantified and normalized with S4 mRNA, and the extent of
induction compared to controls was calculated. Ap-uch mRNA was
induced about 5-fold (p , 0.02, n 5 6 [Wilcoxon-matched-pairs
signed-ranks test]).
Figure 2. Western Blot Analysis of Ap-Uch
(A) Immunoblotting with an antibody raised against the sequence We next determined whether 5-HT induces Ap-uch
Leu-67±Thr-85 (see Figure 1B). This antibody recognizes a single
mRNA by acting through the cAMP pathway. Northernprotein with an Mr of 29,000. No signal was detected with preimmune
blot analysis of nervous tissue exposed to 5-HT revealedserum. Immunoreactivity was abolished when the antibody was pre-
that 5-HT induces Ap-uch mRNA significantly (aboutincubated with the peptide. Similar results were seen with the anti-
peptide antibody against the sequence Cys-146±Ser-163 (see Figure 5-fold; p , 0.02, n 5 6). The cAMP analog, 8-Br-cAMP,
1B; data not shown). We used the anti-Leu-67±Thr-85 antibodies produced a similar stimulation (Figure 3B), suggesting
for all the other experiments described in this study. that induction is mediated by the cAMP pathway. The
(B) Ap-uch is expressed only in nervous tissue; 10 mg protein from induction was rapid and transient, reaching its maximum
extracts of each tissue was used for immunoblotting.
level 2 to 3 hr after exposure to 5-HT (Figure 3A). This
induction was not blocked by the protein synthesis in-
hibitor emetine (Schwartz et al., 1971), suggesting that1B). Two residues, Cys-90 and His-164, which are nec-
Ap-uch is an immediate-early gene (Figure 3B).essary for catalytic activity (Larsen et al., 1996), are
To study induction of Ap-uch, we used anti-peptideconserved. ELDGR, a conserved sequence in uchs that
antibodies for quantitative immunoblotting of extracts
is thought to participate in substrate binding, is also
of pleural ganglia that contain large clusters of sen-
present in the Aplysia protein (Ap-uch).
sory neurons. The 5-HT treatment protocol that pro-
There are two major classes of low molecular weight duces long-term facilitation induced Ap-uch signifi-
hydrolases, namely, L1 and L3. Human L1s are neuron cantly (about 2-fold; p , 0.01) 3.5 hr after initiating the
specific, whereas the L3s are expressed in several body 5-HT treatment (Figures 4A±4D). At 6 and 24 hr, the
tissues (Wilkinson, 1995). Overall, theamino acid identity amount of Ap-uch had returned to control levels (Figure
of Ap-uch to human L1 is 39% and to L3 is 49%. To 4C). Induction appears to be specific to the sequence
ascertain the class to which Ap-uch belongs, we raised of molecular events underlying long-term facilitation.
anti-peptide antibodies against two regions of Ap-uch The amount of Ap-uch is not increased by experimental
sequence (Leu-67±Thr-85 and Cys-146±Ser-163). We protocols that produce only short-term facilitation in
used one of these antibodies to analyze Aplysia tissues sensory neurons (Figures 4B and 4D).
by immunoblotting (Figure 2A). As shown in Figure 2B, To show that Ap-uch is induced in pleural sensory
Ap-uch is specific to neurons and is not found in other neurons in which long-term facilitation takes place (Dale
tissues. In the nervous system, it is expressed as a single et al., 1987), we treated cultured sensory cells with 5
component with an Mr of 29,000. Thus, although Ap-uch pulses of 5-HT to obtain long-term facilitation. Confocal
shares somewhat higher sequence similarity with L3, its laser scanning microscopy of these cells after incuba-
nervous tissue-specific expression suggests it is more tion with anti-Ap-uch antibodies was then used tovisual-
ize and quantify the protein. We observed significantlike L1 hydrolases.
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Figure 4. Induction of Ap-Uch Protein
Pleural ganglia containing large clusters of sensory neurons were
dissected from Aplysia after in vivo treatment, or from isolated ner-
vous tissues exposed to 5-HT, and were extracted for quantitative
immunoblotting.
(A) Western blot showing induction of Ap-uch. The samples were
prepared 3.5 hr after initiating the 5-HT treatment (top). The same
samples were separately probed with anti-proteasome (MAb 7A11)
antibody that recognizes a 27K subunit (bottom) (Chain et al., 1995).
Since p27 is not increased by 5-HT treatment, it serves as an internal
control.
(B) Western blot showing that Ap-uch is not induced during short-
term facilitation but is induced during long-term facilitation. Ap-uch
(top) and the internal control p27 (bottom) were monitored after
treatment with 5-HT, which produces short-term or long-term facili-
tation. The control was untreated.
(C) Time course of Ap-uch expression at 3.5, 6, or 24 hr after initiating
the treatment that produces long-term facilitation. Each time point
Figure 5. Induction of Ap-Uch in Sensory Neuronshad an independent set of untreated controls. Significant (p , 0.01,
paired t test, n 5 8) induction of Ap-uch by 5-HT (asterisk) compared The sensory neurons where the facilitation underlying the sensitiza-
to controls was seen only at 3.5 hr. tion of defensive reflexes takes place were cultured and treated
(D) Extent of induction of Ap-uch during short- or long-term facilita- with 5-HT using the same protocol used for electrophysiological
tion. Experiments were done as described under (B). No significant studies. They were fixed 3.5 hr after the initiation of 5-HT treatment
induction was seen during short-term facilitation compared to con- and incubated with anti-Ap-uch antibody. Preimmune serum has no
trols. Significant (p , 0.01, paired t test, n 5 6) induction (asterisk) immunoreactivity. Pretreatment with immuogenic peptide abolished
was observed with 5-HT treatment that produces long-term facili- the signal (data not shown).
tation. (A) Sensory cells from an untreated (top) and 5-HT-treated (bottom)
culture dish. Scale bar: 25 mm.
(B) High power image of a cell body of an untreated (top) and 5-HT-
treated (bottom) sensory neuron. Scale bar: 25 mm. 5-HT-treatedinduction of hydrolase (average 2.5-fold; p , 0.0001,
cells showed about 2.5-fold higher intensity compared to controlstwo-tailed t test) in these neurons (Figure 5).
(p , 0.0001, two-tailed t test, n 5 19 each).
Ap-Uch Has Enzymatic Activity
To show that the Aplysia cDNA actually encodes a uch,
lar weight and low molecular weight hydrolases (Papawe tested whether the protein has enzymatic activity.
and Hochstrasser, 1993; Larsen et al., 1996). We foundWe made recombinant hydrolase with a 6-histidine tag
that the mutation in the Cys residue abolishes activity(His6-Ap-uch) and tested its ability to cleave a-peptide
(Figure 6A[iv]). Quantification of the product indicatedbonds using substrates with either small or large exten-
that, relative to control (taken as 1.0), no increase wassions at the C terminus of ubiquitin. We found that the
observed with S90 (1.02 6 0.06) but a significant (p ,His6-Ap-uch cleaves Ub-Ub-C, a recombinant human
0.01, paired t test) increase was seen with C90 (3.7 6protein (Figure 6A[i]). His6-Ap-uch does not, however,
0.15) and Yuh 1 (4.1 6 0.5) (Values are mean 6 SEM,hydrolyze ubiquitin-containing large C-terminal fusion
n 5 5). Furthermore, even with 53 more mutant Ap-uchproteins such as Ub-GST (Figure 6B) and a-linked poly-
than wild-type enzyme, the mutant failed toshow activityUb chain (data not shown). Cleavage of Ub-Ub-C was
(data not shown). Thus, the enzymatic activity of Ap-dependent on theconcentration of enzyme (Figure 6A[ii])
uch depends on the catalytic Cys-90 residue.and on the duration of incubation (Figure 6A[iii]). To
obtain definitive evidence for the hydrolase activity of
Ap-uch, we mutated the catalytic Cys-90 residue to Ser. Ap-Uch Associates with the Proteasome
Does Ap-uch have a role at theproteolytic step mediatedThis Cys residue is conserved in all hydrolases and has
been shown to function in catalysis by both high molecu- by the proteasome? If so, the enzyme might be expected
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Figure 6. Enzymatic Activity of Ap-Uch
Enzymatic activity was assayed by mixing E. coli lysates containing
His6-Ap-uch (IPTG-induced) or pureHis6-Ap-uch with substrates Ub-
Ub-C or Ub-GST and immunobloting with anti-ubiquitin antibody.
(A) [i] Immunoblot showing substrate specificity of Ap-uch. Sub-
strate Ub-Ub-C (arrow) incubated without addition (lane 1) or with
Ubp1, a yeast uch that cleaves this substrate (Baker et al., 1992)
(lane 2), or with His6-Ap-uch (lane 3) or uninduced control lysates
(lane 4). The product is designated by an asterisk. Pure His6-Ap-
Figure 7. Association of Ap-Uch with the Proteasomeuch (50 ng) was also active (lane 5). [ii] Dependence on enzyme
concentration. Cleavage of Ub-Ub-C increases with increasing (A) Ap-uch immunoreactivity is seen in the proteasome fraction.
amounts (5 to 40 mg) of His6-Ap-uch containing lysate or pure en- Lane 1 displays nervous tissue proteasome fraction. Proteasome-
depleted nervous tissue extract was mixed with reticulocyte lysatezyme (20 to 500 ng; data not shown). The reaction mixture was
proteasome (lane 3) or muscle (lane 4) and pelleted again. Reticulo-incubated for 2 hr at 208C. [iii] Time dependence. Cleavage of Ub-
cyte lysate (lane 2) or Aplysia muscle (see Figure 2B) proteasomesUb-C increases with time when incubated with subsaturating
lack Ap-uch immunoreactivity. No reactivity is seen when protea-amount of His6-Ap-uch containing lysate (10 mg) for 30 min to 4 hr.
some-depleted nervous tissue extract is mixed with a muscle frac-[iv] Cys-90 is necessary for enzymatic activity. Substrate Ub-Ub-C
tion that does not contain the proteasome (10,000 3 g, 30 minincubated alone (control) or with wild-type enzyme (C90), or with
pellet). Lane 6, positive control.mutant enzyme (S90). Yuh 1, a low molecular weight yeast uch was
(B) Proteasomesare precipitated by Ni-NTA agarose only when His6-used as a positive control (Miller et al., 1989).
Ap-uch is included with the 26S reticulocyte lysate proteasomes(B) Ap-uch fails to cleave Ub-GST. Ub-GST was incubated with
(P), as shown by immunoreactivity to MAb 7A11 (lanes 5 and 6).different amounts of lysates containing Ubp1 (positive control) or
Proteasomes alone (lane 3) do not show reactivity. Lanes 1 and 2,His6-Ap-uch. Ub, ubiquitin.
26S proteasome loaded to monitor MAb 7A11 immunoreactivity,
which shows p27 and a related (Kreutzer-Schmid and Schmid, 1990)
to associate with the proteasome. To test this possibil- additional band (asterisk). Lane 4, His6-Ap-uch alone.
(C) His6-Ap-uch and proteasome (p27) immunoreactivities are seenity, we immunoblotted a proteasome fraction from ner-
in the same fractions (fractions 16±19) when Aplysia muscle protea-vous tissue with anti-Ap-uch antibodies. We found hy-
some and His6-Ap-uch were sedimented on a sucrose gradient.drolase immunoreactivity in this fraction (Figure 7A),
(D) The binding of His6-Ap-uch to the proteasome reaches satura-suggesting that Ap-uch is associated with the protea- tion. Increasing concentrations of His6-Ap-uch (0.125 to 1.25 mg)
some. To obtain further evidence for this association, were each added to the same amount of proteasome (1 mg). Half
saturation was estimated to occur at 0.5 mg protein.we carried out three different experimental tests.
(E) Quantification of Ap-uch bound to the proteasome (from blotFirst, we mixed a proteasome-depleted fraction of
shown in panel D).Aplysia nervous tissue that contains Ap-uch with protea-
somes purified either from Aplysiamuscle or rabbit retic-
ulocyte lysates. After centrifugation, we found Ap-uch proteasome, we added Ni-NTA agarose beads. As
shown by immunoblotting (Figure 7B), the proteasomeimmunoreactivity in both muscle and reticulocyte pro-
teasome pellets (Figure 7A, lanes 3 and 4). Neither pro- was precipitated by virtue of its association with the
His6-Ap-uch. Similar results were observed with a pro-teasome fraction is immunoreactive to this protein,since
the enzyme is neural specific. In addition, Ap-uch is not teasome-enriched fraction from reticulocyte lysates
(data not shown).bound by a fraction that does not contain the protea-
some (Figure 7A, lane 5), indicating that the proteasome Finally, we showed that the proteasome from Aplysia
muscle cosediments with His6-Ap-uch on sucrose gradi-is necessary for binding.
Second, we used Ni-NTA agarose to demonstrate the ents. Immunoblotting with anti-Ap-uch and anti-protea-
some antibodies indicated that hydrolase and protea-association of His6-Ap-uch with pure 26S reticulocyte
lysate proteasome. After mixing His6-Ap-uch with the some are present in the same fractions (Figure 7C). To
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was 62% 6 11.8% (p , 0.01, paired t test, n 5 4); at
the same time, the amount of conjugates decreased
(65% 6 4.4% and 63% 6 9.7%, n 5 4, paired t test,
p , 0.05 in the two prominent high molecular weight
conjugates). Hemin, an inhibitor of the proteasome,
blocked the release of ubiquitin, suggesting that proteol-
ysis of the substrate is needed for the release. The S90
mutant Ap-uch does not show this activity (Figure 8B).
Incubation with His6-Ap-uch alone did not lead to the
release of ubiquitin (Figure 8C), indicating that the pro-
teasome is required. Together, these observations sug-
gest that the increased release of ubiquitin is not the
result of deconjugation by Ap-uchbut rather the hydroly-
sis of the isopeptide bond by which the ubiquitin moiety
is attached to the protein substrate.
Injection of Ap-Uch Antibody or Antisense
Oligonucleotide Blocks Long-Term Facilitation
The induction of Ap-uch and its association with theFigure 8. Ap-Uch Enhances the Release of Ubiquitin from Lyso-
proteasome perhaps leads to increased activity of thezyme-Ubiquitin Conjugates
ubiquitin-proteasome pathway on substrates whoseLysozyme-ubiquitin conjugates prepared with 125I-labeled mutant
degradation is critical to the establishment of long-termR48-Ub (with Arg-48 instead of Lys), were used in the degradation
assays. facilitation. Thus, rapid induction of Ap-uch might have
(A) In the presence of proteasomes, the release of 125I-R48-Ub was a causative role during the early development of long-
increased when His6-Ap-uch was added (compare lane 2 to lane 1). term facilitation. To test this idea directly, we injected
Release of 125I-R48-Ub is inhibited when hemin is included in the
the Leu-67±Thr-85 anti-Ap-uch antibody into sensorydegradation assay (lane 3, 100 mM hemin).
neurons in sensory±motor neuron coculture and tested(B) In the presence of proteasomes, addition of mutant Ap-uch
its effect on long-term facilitiation. This antibody is di-(S90) has no effect on release of of 125I-R48-Ub: compare lane 2
(proteasome 1 S90) to lane 1 (proteasome alone), whereas the wild- rected against a peptide that is close to the catalytic
type (C90)Ap-uch when added to proteasome (lane 3) increased the Cys residue, and therefore the epitope is likely to be
release of 125I-R48-Ub. part of the catalytic core (see Figure 1B).
(C) In the absence of proteasomes, His6-Ap-uch does not enhance Injection of the anti-Ap-uch antibody blocked long-release of 125I-R48-Ub: compare lane 2 (His6-Ap-uch 1 lysozyme-
term facilitation completely (13.4% 6 9.3%, n 5 11).125I-R48-Ub) to lane 1 (lysozyme-125I-R48-Ub alone).
In contrast, sensory cells injected with the preimmune
serum or uninjected cells showed robust long-term facil-rule out the possibility that the 6-His tag contributes to
itation (167.4% 6 14.5%, n 5 6, 69.1% 6 21.2%, n 5 11,the binding, we carried out experiments with another
p , 0.05, compared with anti-Ap-uch antibody injected6-His-tagged Aplysia protein, Ap-C/EBP, under the
cells [Newman-Keuls multiple comparison test]). Thesame conditions. No binding was observed (data not
sensory cells in control cultures that did not receiveshown).
any 5-HT treatment showed no long-term facilitationSpecific binding of Ap-uch to the proteasome would
(10.52% 6 10.7%, n 5 8). Neither the anti-Ap-uch anti-be expected to saturate. We therefore carried out asso-
body nor the preimmune serum had any effect on short-ciation experiments with His6-Ap-uch and the muscle
term facilitation produced with 1 pulse of 5-HTproteasome. The extent of binding increased with in-
(1115.2% 6 32.2%, n 5 8, 1116.3% 6 39.1%, n 5 5).creasing concentrations of Ap-uch until it reached a
The increase in EPSP amplitude seen in these cells wasplateau, as shown in Figures 7D and 7E. Similar results
similar to that seen in uninjected cells (188.0% 6 13.8%,were obtained with various concentrationsof the protea-
n 5 7). All these values, however, differed significantlysome over a 4-fold range (data not shown). We esti-
(p , 0.01) from uninjected control cells that received nomated the stoichiometry of binding and found that under
5-HT treatment (21.92% 6 3.3%, n 5 6) (Figure 9).half-saturating conditions about four molecules of Ap-
To obtain furthersupport for the role of Ap-uchin long-uch are bound to the proteasome.
term facilitation, we used antisense oligonucleotides to
block the synthesis of Ap-uch protein. As a control, weAp-Uch Enhances Recycling of Ubiquitin
used an oligonucleotide generated by scrambling theWhat is the functional significance of association of Ap-
antisense sequence. Sensory neurons injected with theuch with the proteasome? One possibility is that the
antisense oligonucleotides and then treated with 5enzyme releases ubiquitin as the proteasome degrades
pulses of 5-HT showed no significant increase in synap-the protein substrate. We tested this idea with multi-
tic facilitation when tested 24 hr later (18.9% 6 12.8%,ply monoubiquitinated lysozyme prepared with a 125I-
n 5 11). These values are similar to those seen withlabeled mutant ubiquitin, R48-Ub (R48-Ub has an Arg-48
control cells not exposed to 5-HT (10.5% 6 10.7%, n 5instead of Lys and therefore cannot form multiubiquitin
8). In contrast, cells injected with the control oligonucle-chains).
otide showed long-term facilitation (166.3% 6 21.4%,We found that Ap-uch increases the release of ubiqui-
tin from lysozyme-125I-R48-Ub (Figure 8A). The increase n 5 7) comparable to that in uninjected sensory cells
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Figure 9. Injection of Ap-Uch Antibody or
Antisense Oligonucleotide Blocks Induction
of Long-Term but Not Short-Term Facilitation
EPSPs were recorded from L7 motor neurons
in response to extracellular stimulation of
sensory neurons before and after exposure
to 5-HT. Sensory neurons wereeither injected
with the antibodies or oligonucleotides, or left
uninjected. Changes in amplitude (mean 6
SEM) are shown as bar graphs at left. Exam-
ples of EPSP traces are shown at right.
(A) Injection of anti-Ap-uch antibody (Ab) but
not the preimmune serum (Pre) inhibits long-
term facilitation (5 3 5-HT). Similarly, injection
of Ap-uch antisense oligonucleotide (As)
but not control scrambled oligonucleotide
(ScrAS) blocks induction of long-term facilita-
tion (p , 0.05 for inhibition by Ab and As
[Newman-Keuls multiple comparison test]).
(B) Neither the Ap-uch antibody (Ab) nor the
antisense oligonucleotide (As) has any effect
on short-term facilitation (1 3 5-HT). The pre-
immune serum (Pre) and the control scram-
bled oligonucleotide (ScrAs) were also with-
out effect.
(169.1% 6 21.2%, n 5 11). The long-term facilitation in with Aplysia proteasomes in degradation assays. Addi-
tion of Ap-uch significantly (p , 0.01, paired t test) in-both these instances was significantly (p , 0.05) higher
than that seen with cells injected with antisense oligonu- creases the disappearance of ubiquitin conjugates (Ta-
ble 1). In contrast, the mutant enzyme was ineffective.cleotides (Figure 9). Neither the antisense nor the control
oligonuclotide had any effect on short-term facilitation We obtained the same results using 26S proteasomes
purified from reticulocyte lysates (data not shown).(1111.0% 6 16.1%, n 5 8, 1124.6% 6 30.9, n 5 5).
Short-term facilitation seen in these cells was similar to One natural substrate that is inhibitory to the formation
of long-term facilitation, and which is degraded duringthat observed with uninjected cells (1102.0% 6 18.3%,
n 5 8). The increase in EPSP amplitude in these experi- the acquisition of long-term facilitation, is the R subunit
of PKA (Greenberg et al., 1987; Bergold et al., 1990). Wements was significantly (p , 0.01) higher than that seen
with uninjected cells that did not receive any 5-HT treat- therefore tested 8-N3-cAMP photo-affinity 32P-labeled
N4, a major R subunit in Aplysia. As with lysozyme, Ap-ment (213.1% 6 7.7%, n 5 8) (Figure 9).
uch increases the degradation of N4 significantly (p ,
0.01, paired t test); the mutant Ap-uch (S90) had noAp-Uch Enhances Degradation of Substrate
effect (Table 1). With both lysozyme and N4, a 2-foldProteins by the Proteasome
increase (from 200 to 400 ng) in the quantity of Ap-Our electrophysiological studies showed that Ap-uch is
uch enhanced the degradation by 2- to 3-fold underessential for long-term facilitation. How does the en-
subsaturating conditions (data not shown).zyme contribute to long-term plasticity? One possibility
is that its association with the proteasome increases
thedegradation of proteins that inhibit long-term facilita- A Candidate Physiological Substrate for the
Ubiquitin Pathway: Persistent PKA Activitytion. This possibility is suggested by our results showing
that Ap-uch enhances recycling of ubiquitin in the pres- Ap-uch enhances the degradation of the R subunit of
PKA. A consequence of this ubiquitin-mediated proteol-ence of the proteasome. Enhanced removal of ubiquitin
could increase the proteolytic activity of the proteasome ysis of the R subunits is the establishment of a per-
sistently active PKA. Is this persistence important phys-(Hadari et al., 1992; Papa and Hochstrasser, 1993). To
explore this possibility, we used a widely used test sub- iologically? As a first step toward addressing this
question, we examined the activity of the kinase electro-strate, lysozyme, and a natural substrate, the R subunit
of PKA. physiologically. To assess the contribution of persis-
tently active PKA to the facilitation during the first 24We used ubiquitin conjugates of 125I-labeled lysozyme
Cell
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Table 1. Ap-Uch Enhances the Degradation of Substrate Proteins by the Proteasome
Degradation (%)
Addition Proteasome Ap-uch 1 Proteasome Ap-uch (S90) 1 Proteasome Ap-uch Alone
Lysozyme 44 6 4 89 6 3 48 6 3 8 6 3
R subunit (N4) 41 6 2 84 6 3 43 6 2 6 6 2
125I-lysozyme-ubiquitin conjugates and 8-N3-cAMP 32P-labeled R subunit N4 of Aplysia PKA (Hegde et al., 1993; Chain et al., 1995) were assayed
for degradation. For these experiments, we titrated the amount of proteasome needed for submaximal (40%±50%) degradation of substrates.
Wild-type and mutant Ap-uchs were tested. After SDS±PAGE and autoradiography, the extent of degradation was determined by densitometry,
and percent degradation relative to controls was calculated. With both lysozyme and N4, significant (p , 0.01, paired t test) enhancement of
degradation was seen with wild-type Ap-uch. The mutant (S90) had no effect. No degradation was seen with wild-type Ap-uch alone. Values
are mean 6 SEM, n 5 4.
hr, we inhibited the activity of the kinase at various time last pulse of 5-HT (0 hr), the synaptic facilitation was
dramatically reduced from 156% to 17.6% (6 8.3%,points using the cAMP antagonist Rp-cAMPS. We had
previously found that treatment of sensory-motor neu- n 5 16, p , 0.01 [Newman-Keuls multiple comparison
test]) (Figure 10). Similarly, when we applied Rp-cAMPSron cultures with Rp-cAMPS for 30 min prevents the
short-term facilitation (Ghirardi et al., 1992). at 1, 6, and 12 hr after the end of the 5-HT treatment,
the facilitation was significantly reduced to 118.7% (6We found that after the last pulse of 5-HT, the synaptic
potential increased in amplitude to 1155.9% (6 13.9%, 8.7%, n 5 24), to 117.3% (6 14.1%, n 5 12), and to
128.6% (6 11.0%, n 5 16), respectively (p , 0.01 forn 5 15) and remained there at 1156.2% (6 27.4%, n 5
21) at 1 hr after the end of the last pulse (Figure 10). each comparison). In contrast, when Rp-cAMPS was
applied 18±24 hr after exposure to 5-HT, there was noThe facilitation decreased to 1126.0% (6 22.7%, n 5
20), where it remained from 6 to 12 hr (1118.1% 6 significant reduction in facilitation (154.9% 6 9.9%, n5
20). These results suggest that the persistent PKA activ-13.2%, n 5 10). Finally, it decayed to 164.6% (6 6.3%,
n 5 30), where it persisted for 18±24 hr after the end of ity is critical during the first 12 hr after the induction of
long-term facilitation with 5-HT. Because Ap-uch is anexposure to 5-HT (p , 0.05, compared to untreated
controls). early response gene, we think that the increase in the
activity of the ubiquitin pathway occurs at an early stageWhen Rp-cAMPS was applied for 30 min after the
and contributes to the degradation of R subunits,
thereby producing a PKA that is persistently active over
the next 12 hr.
Discussion
We have isolated a neuron-specific immediate-early
gene that is induced by 5-HT and by cAMP. The enzyme
encoded by this gene is similar to vertebrate low molec-
ular weight uchs. Blocking the function or expression
of Ap-uch blocks the induction of long-term but not
short-term facilitation. The enzyme associates with the
proteasome and stimulates degradation of substrates.
A possible mechanism for this stimulation is the removal
of ubiquitin from substrates, as they are degraded by the
proteasome. We suggest that the induction of Ap-uch
results in the up-regulation of the ubiquitin±proteasome
pathway and the degradation of specific proteins that
inhibit long-term facilitation. Removal of inhibition facili-
tates the signal transduction cascade, which controls
transcription and translation of new proteins that are
necessary for long-term facilitation. By rapid, selective,
and irreversible removal of proteins, regulated proteoly-
sis contributes a novel mechanism to the initiation and
consolidation of long-term facilitation. This mechanism
Figure 10. Long-Term Facilitation Is Dependent on Persistent PKA
can provide directionality and timing, as in the cell cycleActivity during the First 12 hr after 5-HT Treatment
progression (King et al., 1996).Time course of EPSP amplitude changes induced by 5 pulses of
5-HT in the presence of the PKA inhibitor Rp-cAMPS (closed circles)
applied for 30 min at the different time points and in the absence Association of Ap-Uch with the Proteasome
of the inhibitor (closed squares). The control cultures (closed trian-
Low molecular weight hydrolases like Ap-uch cleavegles) did not receive 5-HT or Rp-cAMPS treatment. The hatched
both a-peptide and isopeptide bonds between ubiquitinrectangle on the X axis indicates treatment with 5 pulses of 5-HT
at the end of which (0 hr) Rp-cAMPS was added. and short peptides or single amino acids. a-peptide
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linkages of ubiquitin occur in precursors of monoubiqui- dependent component of long-term memory. Consis-
tent with this view, we find that blocking the function ortin, such as poly-Ub and Ub-Ub-C. Ubiquitin linked by
an isopeptide bond would be expected to accumulate expression of Ap-uch blocks the formation of long-term
but not short-term facilitation. Perhaps up-regulation ofduring degradation of multiubiquitinated protein sub-
strates by the proteasome. Thus, Ap-uch could operate the ubiquitin±proteasome pathway through the induc-
tion of Ap-uch is necessary to provide directionality forboth to process precursors of free ubiquitin and to recy-
cle ubiquitinduring degradation of substrates by protea- the long-term process by removing the inhibitory con-
straints and thereby to allow the protein synthesis cas-somes.
Generation of monoubiquitin from precursors is not cade to continue beyond the induction of immediate-
early genes. If this is so, one would predict that thelikely to be the physiological function of Ap-uch relevant
to long-term synaptic plasticity, since free ubiquitin is removal of negative regulators of transcription (Bartsch
et al., 1995) and translation would involve proteolysisin large excess in neurons (Chain et al., 1995). Rather,
we favor the idea that Ap-uch removes ubiquitin from through the ubiquitin pathway.
As a first step in identifying the critical physiologicalmultiubiquitinated substrates during proteolysis by the
proteasome. Eytan et al. (1993) have suggested that a substrates for the ubiquitin pathway, we examined the
regulation of PKA, since persistently active PKA is nec-hydrolase activity could catalyze the removal of ubiquitin
attached to substrates, thereby enhancing the degrada- essary for the CREB-mediated transcription cascade
and the formation of long-term facilitation. Persistenttion of proteins. Multiubiquitin chains are disassembled
by the coordinated action of hydrolases that cleave the PKA activity occurs through degradation of its R sub-
units by the ubiquitin±proteasome pathway (Hegde etfirst ubiquitin attached to the substrate and enzymes
that cleave between ubiquitins in a mutliubiquitin chain al., 1993). We show here that Ap-uch enhances this
degradation. Proteolysis of the R subunit of PKA frees(such as the 100K isopeptidese T). Disassembly would
enhance degradation by facilitating the access of newly the catalytic subunits from inhibition (Greenberg et al.,
1987; Bergold et al., 1990), which now leads to phos-multiubiquitinated proteins to the proteasome (Hadari
et al., 1992; Papa and Hochstrasser, 1993; Wilkinson et phorylation of substrates critical for facilitation (Sweatt
and Kandel, 1989), even when 5-HT is no longer presental., 1995).
Degradation by the proteasome can be a limiting step and the level of cAMP is no longer elevated. Thus, the
degradation of the R subunit of PKA provides a simplein the ubiquitin pathway (Chain et al., 1995). We estimate
the basal level of Ap-uch in nervous tissue to be 0.1%, mechanism for rapid activation of the long-term pro-
cess. Indeed, our physiological experiments providefur-about 103 less than that of PGP 9.5, a homolog in
vertebrate brain (Wilkinson et al., 1989). In addition, our ther support for the idea that PKA is persistently active
during the first 12 hr of facilitation. Although it has notimmunocytochemical data indicate that the basal level
of Ap-uch in sensory cell bodies is low, and that the yet been shown directly, we suggest that the R subunit
of PKA is an important substrate for the ubiquitin path-average induction of the enzyme in sensory neurons is
2.5-fold. If the basal concentration of the enzyme is way in the cell.
limiting in sensory cells, a 2-fold induction would double
the rate of proteolysis. Indeed, we found that by increas-
Are There Multiple Phases Underlying Proteining the amount of enzyme 2-fold in in vitro experiments,
Synthesis-Dependent Long-Term Memory?the degradation of substrate proteins is increased by
The degradation of the R subunit of PKA produces a2- to 3-fold. This increase is similar to the stimulation
persistently active kinase that is essential for long-termof degradation observed by Hadari et al. (1992), when
facilitation for 12 hr following the induction of Ap-uch.they added the 100K isopeptidase to proteasomes.
This persistent activation allows PKA to continue to
phosphorylate into long-term the same substrates that
are involved in the short-term, but now without requiringUch as a Regulatory Step in the Initiation
of Long-Term Memory in Aplysia any signals such as 5-HT or cAMP (Greenberg et al.,
1987; Sweatt and Kandel, 1989; Bergold et al., 1990).The rapidity with which the Ap-uch mRNA is induced
indicates that it is an immediate-early gene. In support The removal of this and perhaps other proteins that
negatively regulate transcription and translation couldof this idea, we found that the induction occurs even
when protein synthesis is inhibited. Since Ap-uch mRNA be an early step in the development of long-term mem-
ory, before structural changes are laid down. This effectis induced by cAMP as well as by 5-HT, it is likely that
the induction is mediated by PKA through a transcription of proteolysis could be one of the molecular steps that
bridges the covalent modification of short-term memorycascade initiated by CREB (Dash et al., 1990).
The expression of Ap-uch reaches a maximum 3.5 hr with the stable self-maintained structural changes re-
quired for long-term memory. In parallel with the induc-after initiating 5-HT treatment and coincides with the
early peak of protein synthesis stimulated by 5-HT (Bar- tion of Ap-uch, another early response gene, C/EBP, is
induced, an induction that is part of the transcriptionalzilai et al., 1989). After 6 hr, however, Ap-uch returns to
basal levels. The timing of induction suggests that the machinery required for setting up the second phase,
which involves stably maintained structural changes.enzyme serves a regulatory role during the early phase
of long-term facilitation. Since a dramatic increase in Both the first phase, i.e., thedegradation of theR subunit
and the establishment of a persistently active kinase,the amount of hydrolase occurs in the cell body, the
enzyme is likely to function in the consolidation of long- and the second phase, i.e., the stable structural
changes, require transcription. Earlier, yet anotherterm facilitation by regulating the protein synthesis-
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colonies. We selected the colony with the highest uch expressionphase is evident, which requires only protein synthesis
and purified the enzyme.and no transcription (Ghirardi et al., 1995). This suggests
the interesting possibility that there may be several dif-
Mutagenesisferent semi-independent molecular phases in the pro-
The catalytic Cys residue was mutated to Ser by replacing a stretchtein synthesis-dependent long-term memory process.
of the coding region flanked by unique restriction sites MunI and
HindIII. The mutant fragment was generated by PCR using the oligo-
Experimental Procedures nucleotide CTACACAAAGCAAACAATTGGCAACGCATCTGGTACT
GTTGCGATTGTACATGCCC (sense) and the antisense oligonucleo-
Animals tide described above, and subcloned into TA cloning vectors. MunI±
Aplysia californica (70±100 g) were rested for a week and exposed HindIII-digested insert and the pQE30 vector containing the wild-
to 250 mM 5-HT alone or with 500 mM emetine for induction experi- type Ap-uch were purified and ligated. The recombinants were
ments (Alberini et al., 1994). For some experiments, we dissected screened for expression of mutant Ap-uch using both anti-Leu-
out the ganglia, keeping all the nerves (including pleuro-abdominal 67±Thr-85 andanti-Cys-146±Ser-163. The latter antibodyrecognizes
connectives) intact, and treated the ganglia with 5-HT as indicated. a peptide in the replaced fragment. Mutation was confirmed by
sequencing (Columbia University DNA facility).
cDNA Library and RNA Analysis
Ganglia were exposed to 10 mM 5-HT, 100 mM 8-cpt-cAMP, 100 Uch Assay
mM IBMX, 100 nM phorbol 12,13-dibutyrate, and 10 mM anisomycin Plasmids containing yeast ubi4 (polyUb) and Ub-Ub-C (from Dr. R.
for 40 min. A l ZAPII phage cDNA library was constructed with a Baker, Australian National University) were IPTG-induced in E. coli,
kit (Stratagene) from poly(A)1 RNA. We differentially screened the and lysates were prepared (Baker et al., 1992). These lysates, con-
primary library that contained 2 3 107 cDNA with 32P-labeled cDNA taining the Ub-substrates, were incubated with wild-type or mutant
probes derived from poly(A)1 RNA from nervous tissue exposed to His6-Ap-uch containing lysate or with His6-Ap-uch purified by Ni-
the mixture containing 5-HT or from untreated nervous tissue. Each agarose affinity chromatography. The reactions were carried out in
of the two probes was hybridized independently to duplicate copies 20 ml containing Tris±HCl (pH 7.6), 10 mM DTT, and 0.1 mM EDTA
of the cDNA library. Clones that hybridized to only one probe were for 2 hr (unless otherwise stated) at 228C with substrate and the
selected (Sambrook et al., 1989). For Northern blots, total RNA was enzymes. The products were analyzed by immunoblotting with anti-
prepared from Aplysia as described (Alberini et al., 1994). ubiquitin antibody (1:1000).
Antibodies, Immunoblots, and Induction of Ap-Uch Association of Ap-Uch with the Proteasome
Anti-Ap-uch antibodies were raised against LIGEYQSDYPDLYYTK Proteasomes werepurified from rabbit reticulocyte (Green Hectares)
QTC and CAQEGDTQAPSQDEHVKS (amino acids 67±85 and 146± lysates (Fagan et al., 1986) as described by Eytan et al. (1993). The
163 in Figure 1B). These peptides were chosen because of their proteasome fractions from Aplysia muscle were obtained by high
hydrophilicity, surface probability, and dissimilarity with protein se- speed centrifugation in the presence of Mg21-ATP (Chain et al.,
quences in the Swiss protein database. The antibodies were raised 1995).
and immunoblots were carried out as described (Chain et al., 1995). To study association of Ap-uch with the proteasome, pure or
To demonstrate specificity of the anti-Ap-uch, immunoreactivity an- crude reticulocyte proteasomes were mixed with pure His6-Ap-uch
tisera were preincubated with 20 mg of immunizing peptide. in 100 ml of 50 mM Tris±HCl (pH 7.6), 5 mM ATP, 10 mM MgCl2, and
To study induction of Ap-uch, animals were treated with 5-HT 60 mM NaCl, and incubated at 228C for 20 min. Ni-NTA agarose
(Alberini et al., 1994). In experiments involving both short-term and beads (25 ml) were added, rocked for 15 min, and washed 3 times
long-term facilitation, inducing protocols, isolated nervous systems (1 ml each) with association buffer containing 150 mM NaCl. Bound
were exposed to 5-HT for 5 min or 3 hr (i.e., equivalent to 1 or 5 proteins were eluted with 100 mM EDTA and immunoblotted with
pulses of 5-HT). Pleural ganglia enriched in sensory cells were then anti-proteasome antibody. For sedimentation on sucrose density
dissected, equal protein from samples was immunoblotted, and Ap- gradient, Aplysia muscle protasome was incubated with pure His6-
uch immunoreactivity was quantified by densitometry and normal- Ap-uch in association buffer at 228C for 20 min. The mixture was
ized to protein stained with Coomassie blue on a gel run in parallel. centrifuged for 1 hr at 100,000 3 g, pellets were washed 3 times (1
ml each) with association buffer, suspended in the same buffer, and
passed through a 0.22 mm spin filter. The filtrate (0.5 ml) was layeredImmunocytochemistry
on sucrose gradients (15% to 28%) and centrifuged at 200,000 3Sensory cells were cultured from adult Aplysia (Schacher and Pro-
g for 17 hr. Twenty fractions (0.5 ml) were collected by piercing theshansky, 1983) for 5 days and treated with five 5 min pulses of 10
bottom of the tube with an 18-gauge needle. A portion (100 ml)mM 5-HT at 20 min intervals at 188C. Treated and untreated control
from each fraction was immunoblotted separately with anti-Ap-uchcells were fixed 3.5 hr after the initiation of 5-HT treatment, perme-
antibody and anti-proteasome (MAb 7A11) antibody.abilized, and incubated with anti-Ap-uch antibody and Cy3 goat
The stoichiometry of Ap-uch binding to the proteasome was esti-anti-rabbit antibody (Alberini et al.,1994). The cells were viewed
mated after the associationexperiments with Aplysia muscle protea-using a Zeiss Axiovert microscope mounted on a BIO±RAD MRC
some and pure His6-Ap-uch. Bound Ap-uch was immunoblotted andconfocal laser scanning microscope. Images weretaken using either
quantified using a standard curve obtained with pure His6-Ap-uch.a 103 objective (confocal aperture of 6.8, maximal gain, 10% laser
We estimated the stoichiometry using the Aplysia muscle protea-light, 15 mW argon krypton laser) or with a 403 objective (aperture
some p27 as reference. p27 in muscle proteasome was measuredof 8, gain of 1210, 3% of laser light). Kalman averages of 5 scans
using a standard curve obtained by immunoblotting (with MAb 7A11)were collected for each image, and the mean pixel intensity (pixel
various concentrations of pure reticulocyte 26S proteasome. Thevalues 0±255) in the cell body was determined.
actual amounts of p27 were measured by comparing the Coomas-
sie-stained p27 band from the 26S proteasome with the staining ofRecombinant Ap-Uch
known amounts of ovalbumin.We amplified Ap-uch cDNA using the primers GCGCGGATTCATCG
AAGGTCGTGTGGCATCAAGAACAGAGATGGATTCCTCTTGAATCA
AACCC (sense) and GGCCTACATGTCGTCTGCAGCCTGCACCAGA Lysozyme±Ubiquitin Conjugates
The ubiquitin conjugates of lysozyme were prepared using 0.5 mgGCC (antisense) for 10 cycles (948C, 1 min; 508C, 2 min; 728C, 3
min) and subcloned the amplified cDNA into TA cloning vectors of rabbit reticulocyte Fraction II (Hegde et al., 1993), 200 mg lyso-
zyme, and 125 mg pure 125I-R48-Ub (8000 cpm/pmol), and purified(Invitrogen). Purified insert was ligated into BamHI±PstI site of
pQE30 vector (Qiagen) containing 6-Histidine coding region and as described by Hough and Rechsteiner (1986) (R-48-Ub expression
vector [Beers and Callis, 1993] was from Dr. J. Callis, University ofused to transform E. coli SG13009. Screening for Ap-uch expression
with anti-Leu-67±Thr-85 antibody showed expression in 3 out of 10 California). Ubiquitin conjugates with 125I-lysozyme were prepared
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